ten, 1982a). Barley forage was highest in digestible DM and lowest in acid detergent fiber (ADF) concentraOat (Avena spp.) is a popular cereal forage in cool semiarid regions.
C ereals are popular annual forages in the NorthBarley forage yield has been equal or superior to forern Great Plains and were harvested for forage age yield of oat in subhumid regions, whether grown from 0.25 million ha across Montana, North Dakota, alone (Cherney and Marten, 1982a) or with pea as a comand South Dakota in 1997 (USDA Natl. Agric. Stat. panion crop for alfalfa (Medicago sativa L.) establishServ., 1999). Oat is the most popular cool-season cereal ment (Chapko et al., 1991) . Barley forage yield has been species grown for forage in the Great Plains region, parinconsistent compared with oat in the Northern Great ticularly in northern tier states. Oat comprised approxiPlains. 'Dumont' and 'Magnum' oat were superior to mately 80% of the cereal area devoted to hay production 'Bowman' and 'Horsford' barley for yield when the culin 1997 in North Dakota, approximately 90% of cereal tivars were grown alone and in combination with field in South Dakota, and almost 50% in Montana (E. Stabepea in 1993 and 1994 at Dickinson, ND (Carr et al., now, personal communication, 2000) . The remaining area 1998). However, differences in yield between Chopper, consisted of barley (14%) and other [rye (Secale cereHaybet, and B 7518 barley cultivars and Dumont oat ale L.) and wheat (Triticum aestivum L. emend. Thell.)]
were not detected in a subsequent study (Carr, unpubcereal crops. lished data, 1996) . These data suggest that cultivar selecPrevious work in subhumid regions indicates that bartion may impact barley forage yield in semiarid regions. ley produces higher quality forage than oat. Barley had
Comparison of a diverse group of barley and oat cultigreater nutritive value than oat, triticale (ϫTriticosecale vars may be justified to verify these results since only Wittmack), and wheat in Minnesota (Cherney and Mara few cultivars were compared. Intercropping pea with cereal crops is practiced to with an oat sole crop in Minnesota (Robinson, 1960) . and leaf sheath to yield; and (iv) the effect of intercropping with field pea on forage yield and quality. Similarly, CP concentration was superior for oat-pea and barley-pea forage compared with forage produced by a cereal sole crop in the Northern Great Plains, but MATERIALS AND METHODS only in an environment with less than 35 kg N ha Ϫ1 in Field experiments were conducted under dryland manthe 0-to 60-cm soil surface depth at seeding (Carr et al., agement during 1999 and 2000 at Dickinson, ND (46Њ53Ј N, 1998 Our objectives were to determine in a low-soil-N envi- FY is forage yield.
Intercropped oat vs.
Cereal plants in sole crop plots and cereal and pea plants at 50ЊC until a constant weight was attained, and the relative of the 30-yr average of 15ЊC in both years.
contribution of each component to plant DM was calculated. Data were analyzed across both years by the GLM proce-
Forage Yield
dure from SAS (SAS Inst., 1985) . Cultivar and intercrop treatments were considered fixed effects. Years and replicates were
The year ϫ treatment interaction was significant for considered random effects. Nonorthogonal contrasts were forage DM production (Table 2) . However, the interac- Dry matter production averaged 3.84 Mg DM ha
Ϫ1
for oat cultivars compared with 2.91 Mg ha Ϫ1 for barley cultivars included in this study (Table 3) . Dry matter
RESULTS AND DISCUSSION
production of barley cultivars developed for grain pro-
Precipitation and Temperature
duction was 1.05 Mg DM ha Ϫ1 less than oat cultivars developed for grain production and 1.17 Mg ha Ϫ1 less Overwinter precipitation was 187% of the 30-yr average of 123 mm in 1999, and moist soil extended to a than oat cultivars grown for forage (Table 4 ; P Ͻ 0.05). Differences in DM production were not detected, but depth of 90 cm before establishing the field experiment. Conversely, overwinter precipitation was 85% of the significance was approached between barley cultivars grown for forage and oat cultivars grown for forage 30-yr average in 2000 when moist soil extended to a (P ϭ 0.05) or developed for grain production (P ϭ 0.07). yield was greater for barley compared with oat across six different growth stages ranging from flag leaf exPrevious work in southwestern North Dakota indicated that DM production generally is lower for barley comtension to kernel ripe stages of development (Zadoks Growth Stages 41 to 92) in Minnesota. Differences in pared with oat in the Northern Great Plains in high soil N environments (Larson and Carter, 1970; Carr et al., environmental factors may explain the inconsistency in results between the two studies. Low soil N status in 1998). Conversely, DM production has been equal or superior for barley compared with oat in subhumid reboth years stressed cereal plants and was reflected in the relatively low forage DM yields in our study (Table 3) . gions (Cherney and Marten, 1982a; McElroy and Gervais, 1983; Chapko et al., 1991) .
Forage DM yields averaged close to 8 Mg ha Ϫ1 in a subsequent field experiment under relatively high soil Differences in the relative contribution of stem (P ϭ 0.23), inflorescence (P ϭ 0.11), leaf blade (P ϭ 0.10), N conditions at Dickinson, and a greater proportion of forage was comprised of inflorescence for barley comand leaf sheath (P ϭ 0.69) to forage DM yield were not indicated by the F test for forage treatments (data not pared with oat (Carr, unpublished data, 2002) . The contributions of stem, inflorescence, leaf blade, presented). Cherney and Marten (1982b) concluded that the relative contribution of the inflorescence to DM and leaf sheath to DM yield were 20, 44, 14, and 22%, respectively, for barley and oat in this study. A similar (P ϭ 0.73) or between hull-less and hulled grain oat cultivars (P ϭ 0.20). These results suggest that cultivar composition of barley plant DM was reported in a study by Mannerkorpi and Taube (1995) . Conversely, a greater selection within small-grain species may not be important in low-soil-N environments, possibly because lack proportion of barley DM consisted of stem and leaf sheath in other studies (Droushiotis and Wilman, 1987) .
of N eliminates the potential for differences in DM production between low-and high-yielding cultivars that Inconsistencies in the composition of barley forage DM reported among studies may result from differences in can occur under high-soil-N conditions. the timing of harvest. Barley plants were harvested at the milk and earlier stages of development in the study
Forage Quality
by Droushiotis and Wilman (1987) , whereas plants were Crude protein concentration averaged 90 g kg Ϫ1 in harvested at later growth stages in our study. Small barley forage compared with 61 g kg Ϫ1 in oat (Table 3) . changes in crop development stages can alter plant fracLikewise, Cherney and Marten (1982a) and others (Carr tion composition of forage DM significantly. For examet al., 1998) concluded that CP concentration of forage ple, the contribution of inflorescence to forage DM ingenerally is greater for barley compared with oat. Crude creased 18% during the relatively short time between protein concentration of barley forage was superior to early soft dough to early hard dough stages of developoat forage in some field experiments but not others in ment (Zadoks Growth Stages 83 to 91) in barley (Mana 3-yr study at Lacombe, AB, Canada (Juskiw et al., nerkorpi and Taube, 1995) . Timing of harvest as related 2000a). However, some comparisons of CP concentrato crop developmental stage can have a greater effect tion between barley and oat forage in the study by Juson forage composition than other management considkiw et al. (2000a) were confounded since the cereal erations (Juskiw et al., 2000b) .
crops and cereal crop mixtures were harvested at differIntercropping oat with pea increased DM production ent growth stages in the field experiments. The impact of compared with an oat sole crop, regardless of cultivar growth stage differences on CP concentration of cereal selection (Table 4) . Intercropping barley with pea inforages often is greater than the impact of the crop specreased DM production compared with a barley sole cies and cultivars compared (Cherney and Marten, 1982a ; crop when cultivars developed for grain production McElroy and Gervais, 1983) . were grown in a sole crop but not when cultivars develForage CP was 35 g kg Ϫ1 more concentrated for baroped for forage production were grown. The pea compoley-pea intercrops compared with a barley sole crop nent contributed from 40 to 50% of total DM of interand for oat-pea intercrops compared with an oat sole cropped forage, depending on cereal crop species and crop (Table 4) . Forage CP was 74 g kg Ϫ1 more concencereal and pea cultivars comprising the mixture. Results trated for barley-pea intercrops compared with a monoof this research indicate that intercropping pea with culture of oat and 10 g kg Ϫ1 more concentrated for oatbarley and oat can enhance forage DM in low-soil-N pea intercrops compared with a monoculture of barley environments. In contrast, previous research indicates (Table 3) . Our results suggest that intercropping pea that DM yield is not enhanced and may be reduced with barley or oat can enhance the CP concentration of when pea is intercropped with cereals under high soil forage compared with a sole crop of either cereal spe-N conditions .
cies. The results indicate that intercropping pea with barForage DM yield was maintained by intercropping ley may be preferred to an oat sole crop in low-soil-N barley with pea compared with an oat sole crop (P ϭ environments since forage CP concentration is superior 0.31; Table 3 ). These results suggest that barley-pea for the intercrop and DM yield is maintained. Similarly, intercrops may be substituted for a monoculture of oat intercropping pea with oat may be preferred to a barley without sacrificing DM yield in low-soil-N environsole crop since forage DM yield is superior for the interments. The substitution of barley-pea intercrops for crop and CP concentration can be maintained. an oat sole crop may be advantageous when quality of Nitrogen yield was similar between barley and oat in intercropped forage is superior, if barley and pea are our study (Table 3 ), indicating that the higher concentraeasier to obtain than oat, or if other factors favor use tion of CP in barley forage compensated for the lower of the intercrop. Forage DM yield was greater for an production of DM compared with oat. Larson and Caroat-pea intercrop than barley-pea intercrops, indicating ter (1970) found that CP yield was greater for oat when that oat-pea intercrops would be favored to barley-pea oat and barley were harvested at the milk growth stage intercrops in low-soil-N environments if the goal of intercropping is to maximize forage DM yield. Similarly, (Zadoks 73 through 78), whereas CP yield was greater for barley when both crops were harvested at the dough previous research indicated that more DM was produced by oat-pea intercrops than barley-pea intercrops stage (Zadoks 83 through 87). The study by Larson and Carter (1970) indicates that the ranking of barley and in high-soil-N environments in the Northern Great Plains oat for N yield is transitory and depends on the growth stage of crops when harvested, but additional research Differences in DM yield were not detected between barley cultivars developed for grain or forage producmay be needed to justify their conclusions using modern production methods and germplasm. tion (P ϭ 0.07) or between two-and six-rowed grain barley types (P ϭ 0.71; Table 4 ). Differences in DM Nitrogen yield was 32 kg ha Ϫ1 greater for barley-pea intercrops compared with a barley sole crop and 37 kg yield also were not detected between oat cultivars developed for grain production and cultivars grown for forage ha Ϫ1 greater for oat-pea intercrops compared with an oat sole crop in low-soil-N environments (Tables 3 and 4) . for barley compared with oat cultivars grown for forage and greater for barley cultivars developed for grain proConversely, forage N yield was unaffected by intercropping in previous research under relatively high-soil-N duction compared with either group of oat cultivars (Table 4) . Differences in the TDN concentration of forconditions . Intercropping cereal crops with pea may be advantageous because of the biological age produced by barley cultivars grown for forage and oat cultivars grown for grain were not detected (P ϭ N-fixing ability of pea under low-soil-N conditions. A recent study indicates that pea is more effective at bio-0.31). Similarly, McElroy and Gervais (1983) found that forage TDN concentration of 'Conquest' barley and logical N fixation than other pulses in the Northern Great Plains, contributing up to 50 kg ha Ϫ1 more N 'Dorval' oat was similar in a 3-yr study. Results of our study suggest that crop species and cultivar selection than lentil (Lens culinaris Medik.) in a loam soil (Miller et al., 2003) .
can impact TDN concentration of small-grain forage. However, environment and other factors, such as the Nitrogen yield was greater for barley-pea intercrops compared with an oat sole crop and for oat-pea interpresence or absence of awns on spikelets in barley, also impact this quality trait. crops compared with a sole crop of barley (Table 3) . Hence, intercropping pea with either barley or oat enTotal digestible nutrients were 17 g kg Ϫ1 more concentrated in forage produced by barley-pea intercrops than hances forage N yield compared with growing either cereal species as a sole crop. No difference in N yield a barley sole crop and 29 g kg Ϫ1 more concentrated in forage produced by oat-pea intercrops than an oat sole was detected between barley-pea and oat-pea intercrops (P ϭ 0.80), suggesting that the relatively high crop (Tables 3 and 4 ). These data suggest that intercropping may be a suitable strategy for enhancing the TDN CP concentration of pea forage compensated for the relatively low yield of barley-pea intercrop compared concentration of forage compared with managing the cereal component as a sole crop. No differences were with oat-pea intercrop.
Acid detergent fiber concentration averaged 35 g kg Ϫ1 detected in the TDN concentration between barley-pea and oat-pea forage. lower for barley forage compared with oat forage in this study while NDF concentration averaged 34 g kg Ϫ1
Forage P was 0.77 g kg Ϫ1 more concentrated for barley compared with oat (Table 3) . Phosphorus was 0.70 g lower in barley forage (Table 3) . Forage ADF and NDF concentrations were lower for barley cultivars grown kg Ϫ1 more concentrated in barley forage when oat and barley cultivars developed for grain production were for forage compared with oat cultivars grown for forage and for barley cultivars developed for grain production compared, but differences were not detected in forage P concentration between barley cultivars grown for forage compared with oat cultivars grown for forage. Differences in forage ADF concentration were not detected and oat cultivars grown for forage (P ϭ 0.48) or developed for grain production (P ϭ 0.31). Differences also between barley cultivars grown for forage and oat cultivars developed for grain production (Table 4 ; P ϭ 0.28),
were not detected in forage P concentration between barley cultivars developed for grain production and oat nor were differences in forage NDF concentration detected between barley cultivars grown for forage and cultivars grown for forage (P ϭ 0.12). Results of our study suggest that cultivar selection may impact the oat cultivars grown for grain (P ϭ 0.11) or for forage (P ϭ 0.46). Previous research in subhumid regions indiranking of barley and oat for forage P concentration in some environments. cated that ADF and NDF concentrations of forage generally were lower for barley compared with oat (Chapko Forage Ca concentration was 3.64 g kg Ϫ1 for barley forage compared with 2.98 g kg Ϫ1 for oat forage (Table 3) . et al., 1991; Cherney and Marten, 1982a) . However, Brink and Marten (1986) emphasized that environmenSimilarly, McElroy and Gervais (1983) concluded that Ca was more concentrated in barley compared with oat tal factors can affect relative quality differences between barley and oat forage. Results of our study suggest that forage when grown in a subhumid region. Calcium was 2.78 g kg Ϫ1 more concentrated in forage produced by a cultivar selection may impact the relative ranking of barley and oat for forage NDF concentration.
barley-pea intercrop than a monoculture of oat and 3.45 g kg Ϫ1 more concentrated in forage produced by an oatIntercropping pea with barley did not affect forage ADF concentration compared with a barley sole crop pea intercrop than a monoculture of barley. There was no difference in forage Ca concentration between barwhile forage NDF concentration was reduced by intercropping (Table 4) . Likewise, intercropping pea with ley-pea and oat-pea intercrops.
Intercropping increased Ca concentration of forage oat reduced the NDF concentration of forage compared with an oat sole crop. Acid detergent fiber concentration compared with a sole crop of either cereal species in this study (Tables 3 and 4 ). The relatively high concenalso was lower for forage produced by an oat-pea intercrop compared with a sole crop comprised of a forage trations of Ca in pea forage accounted for the elevated Ca concentration of forage produced by intercrops comcultivar but not an oat cultivar grown for grain. Differences in forage ADF concentration were not detected pared with a cereal sole crop. Conversely, intercropping generally failed to affect forage P concentration combetween barley-pea and oat-pea intercrops while NDF concentration was lower in forage produced by barleypared with a cereal sole crop. Likewise, no differences in ash or fat concentrations of forage were detected bepea intercrops than oat-pea intercrops.
Average TDN concentration was 46 g kg Ϫ1 higher for tween intercrops and a sole crop of either barley or oat (data not presented). forage produced by barley compared with oat in this study (Table 3) . Forage TDN concentration was greater Differences in CP, P, and N yield were not detected between barley cultivars developed for grain production vironments though additional research may be needed to verify these results. and cultivars developed for forage (Table 4) . Forage was lower in ADF and NDF concentrations but higher Differences in the percentage of forage comprised of the various plant fractions between barley and oat were in TDN concentration for barley cultivars developed for grain production compared with cultivars developed not detected in our study. We are unable to explain the superior quality of barley forage compared with oat forfor forage. No difference in any forage quality trait was detected between two-and six-rowed barley cultivars age on the basis of plant fraction composition, as was done by researchers working in subhumid regions. Addeveloped for grain production. Similarly, differences in forage quality traits were not detected between oat ditional work is needed in the Northern Great Plains to determine if plant fraction composition of barley and cultivars grown for grain and cultivars developed for forage or between hull-less and hulled oat cultivars, oat forage is similar in environments that favor DM production. The impact of timing of harvest on plant fracexcept for forage NDF concentration. Differences in ash and fat concentrations of forage were not detected tion composition of forage across the range of growth development stages when barley and oat are harvested between forage produced by a sole crop of barley and oat (data not presented).
for forage should be included in the effort. Forage DM and N yield were unaffected by intercropping under favorable soil N conditions during previous CONCLUSIONS research in the Northern Great Plains. Conversely, forage DM and N yield were enhanced by intercropping Our objective was to determine if forage yield and in this study. The ability of pea to fix N biologically may quality were superior for a diverse group of adapted have been an advantage in the low-soil-N environments barley cultivars compared with a group of oat cultivars in that were encountered during our study while ability of the Northern Great Plains. Previous research in other enpea to fix N biologically may have been limited in the vironments suggested that forage DM production would high-soil-N environments that were encountered during be superior for oat but barley would produce higher previous research. Results of our study support the hyquality forage. Forage DM production was greater for pothesis that intercropping pea with barley and oat can oat in this study while quality of barley forage was supeenhance forage DM and N yield along with forage CP rior. The field experiments included in our study were concentration compared with a monoculture of either located in low-soil-N, unfertilized environments, but cereal crop under low-soil-N conditions when N fertilsimilar results were generated when barley and oat cultiizer is not applied in the Northern Great Plains. vars were compared in environments with relatively high-soil-N conditions conducted previously at Dickinson . Results of these two studies indi-
